A simple breathing rate-sensing method exploiting a temporarily condensed water layer formed on an oxidized surface We describe a very simple breathing rate-sensing method that detects a significant electric current change between two metal electrodes on an oxidized surface. The current change is caused by the formation of a water layer from exhaled breath. We discovered that breathing onto the oxidized surface causes instant water condensation, and it generates 20 times increased current than that measured in the inhalation period. The condensed water quickly evaporates, enabling us to detect dynamic human breathing in real time. We also investigated the breathing rate sensor by varying the relative humidity, temperature, and breathing frequency and confirmed its potential for practical applications. In recent years, there has been significant interest in researching human respiration, which not only enables us to detect diseases including cancer 1,2 and diabetes 3 but also to ascertain the condition of the human body. [4] [5] [6] [7] In particular, sensing the breathing rate, for example, during hyperventilation, shortness of breath, or voluntary breath-holding, provides basic and valuable information about cardiac 6 and pulmonary 7 symptoms. Therefore, it plays an essential and ubiquitous role in healthcare systems. To detect breathing rate precisely, various methods have been suggested exploiting mechanical impact, 8 electrical capacitive change, 9 material analysis, [10] [11] [12] and reaction with nanomaterials. [13] [14] [15] Although diverse approaches have been attempted, implementing more precise, smaller, and more stable breathing rate sensors is still challenging for practical applications. This is because conventional solutions suffer from mechanical 8 or ambient air 9 disturbance, bulky size, the high cost of the analyzing equipment, [10] [11] [12] or difficulties in manufacturing nanomaterials. [13] [14] [15] Here, a simple and direct method that uses the water vapor from respiration for accurate and simple breathing rate sensing is proposed. We have devised a means of using the condensed water layer that is instantly formed on the surface of an oxidized substrate from exhaled breath and that quickly disappears owing to evaporation. This is actually similar to the condensation due to respiration that forms on a windowpane in winter. This temporarily formed water layer undergoes electrolysis under an external potential, which enables us to detect breathing rate by measuring the electric current through the water layer. We proved the proposed idea simply by means of measuring the current between two electrodes placed close to each other on an oxidized substrate and demonstrated the feasibility of the proposed method for practical applications. (2015) conditions, the air is generally in the "under-saturated" state. In this state, there is hardly any water on the oxidized surface, so an extremely low current flows between the two electrodes shown in Figure 1 (a) (I, initial state). When a human breathes on the device, the atmosphere around it is abruptly replaced by water molecules (100% relative humidity (RH) and 36 C, as found in the human body 17 ). At that moment, the humid air of the exhaled breath is instantly cooled by the ambient air and the room temperature device. Consequently, water molecules begin to condense on the SiO 2 surface (II, exhaled breath). The water condensation continues until exhalation stops; at that point, there is a sufficiently thick layer of water on the SiO 2 surface to enable relatively high current flow (III, condensation). Finally, the water layer formed by the exhaled breath evaporates naturally owing to its vapor pressure, and the oxidized surface returns to its original state at the start of the cycle (I, initial state). The stages of the process occur quickly, so we can detect the rate of breathing dynamically by measuring the current between the two electrodes ( Fig. 1(c) ). Figure 2 shows the current-voltage (I-V) characteristics of the water layer formed on the oxidized surface at various RHs. The electrical characteristics were measured using a typical semiconductor measurement system (4156C, Agilent) and a commercial thermo-humidistat (TH-ME 250, JEIO-Tech.). Figure 2(a) shows the I-V curve using a device with a distance of 10 lm between the electrodes. In all RH conditions, currents increased exponentially as the external potential was increased (inset of Fig. 2(a) ); this can be explained by the Butler-Volmer equation, 18, 19 which deals with the electrolysis of water. This result implies that the vapor surrounding the device generates a water layer on the SiO 2 surface, and that water layer facilitates the flow of current between the two metal electrodes.
The data also reveal that the current is significantly affected by the RH of the air. At 80% RH, the current between the electrodes increased dramatically. To analyze this effect, we plotted a graph of current versus RH at a static applied voltage of 0.5 V (Fig. 2(b) ). The plotted I-RH curve exhibits a current increase at higher RH, and a substantial increase of current occurs at over 60% RH. Generally, a surface can adsorb vapor but the extent of adsorption depends critically on the strength of the intermolecular interactions between the vapor species and the surface of the substrate. 20, 21 On a hydrophilic surface, intermolecular interaction between water and, for example, SiO 2 generates surface wetting, and the water film thickness (h) can be anticipated by Lifshitz theory 
where p 0 and p represent equilibrium vapor pressure and pressure of water, respectively, q w is the density of bulk water at 25 C, k and T represent the Boltzmann constant and absolute temperature, respectively, and A is the Hamaker constant. The theoretical water film thickness can be converted to the adsorption number of the water layer, which is plotted in Fig. 2(b) (dashed black line) . The monolayer thickness is calculated by dividing the thickness h by 2.82 Å , which is the mean van der Waals diameter of water. As the RH increases, the adsorption number of the water layer on the oxidized surface also increases, changing the state of the water layer from ice-like (Շ30% RH) to water-like (տ60% RH), as shown in the inset of Fig. 2(b) . 22 Since the water-like layer provides substantially higher conductivity than the ice-like layer, 23 this can explain why there is the sudden increase in current at RH over 60%. So far, the current changes between separated electrodes under various RHs have been investigated, and from this study we can expect a significant current change with exhaled breath, which causes high RH near the device. Figure 3 demonstrates the feasibility of the proposed device as a practical respiration rate sensor. The tests were performed at 1 atm pressure, 50% RH, and 20 C, and healthy volunteers exhaled onto the devices from a distance of 30 cm (relatively arbitrary distance, considering that people would mostly use this device in an distance nearer than 30 cm). All electrical data were measured using 4156C. Figure 3 (a) presents the measured current versus time. The volunteers exhaled onto the device three times and the measured current immediately responded to the breath. The current changed from a few nanoamperes to 200 nA during exhalations, which was an approximately 20-fold change, whereas the proposed device showed extremely low sensitivity to normal air flow (2 m/s) and other disturbances. Note that the amplitude of current-change can be affected by FIG. 2 . Electrical characteristics of the water layer formed on an oxidized surface in air at various relative humidities (RHs): (a) I-V curve at room temperature and 40%-80% RH; the measured values are also presented on a log scale (inset) and (b) electrical property (red circles) and theoretical number of water layer (dashed black line) with respect to RH. Water layer thickened as RH increased (inset) and its electrical property also dramatically changed.
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the exhalation-distance which influences on conditions of exhaled breath including temperature, volume, and pressure, because the conditions can determine an amount of water condensation. 24 The breath response time was under 0.11 s (region I in Fig. 3(b) ), and the current recovered to 10% of the peak current within 0.7 s (regions II and III in Fig. 3(b) ). Note that the transition during the evaporation can be understood with the properties of the formed water layer which varies from water-like to ice-like with its thickness as we concerned in Fig. 2(b) . 22, 23 These condensation and evaporation speeds can be considered fast enough to determine dynamic breathing rates in real time, which are generally under 2 Hz. 10 We also tested the device at various RHs and temperatures. The experiments were performed in a homemade metallic chamber which contains a humidifier, a hot-chuck mounted probe station, and a commercial thermo-hygrometer. The RH and the temperature inside the chamber were controlled by the humidifier and the hot-chuck, respectively, and they were monitored in real-time by the thermo-hygrometer. Figure 3 (c) shows the measured current response under various RHs. As we discussed earlier, RH affects the initial thickness of the water layer adsorbed on the oxidized surface so that the current can be increased solely by the increase in RH (blue squares in Fig. 3(c) ). However, exhaled breath resulted in at least 20 times increase in current (red circles in Fig. 3(c) ). This apparent current change can be explained by not only the water condensation (in Fig. 1(b) ) but also the fact that the ionization of organic compounds contained in the exhaled breath is accelerated by the external potential, 25 and the resulting increase in ions enhances the conductivity remarkably. Note that the current fluctuation in the breathing condition (red circles in Fig. 3(c) ) is considered as a result of pressure and volume variation in the human exhalation discussed earlier. Temperature also influences the performance of the device. The temperature was modulated using a hot chuck located under the device, and the measured current is shown in Fig. 3(d) . The current during exhalation decreased from a few nanoamperes to dozens of picoamperes, as predicted by the Butler-Volmer equation. However, in the absence of exhalation, there was an equal decrease in current, demonstrating that the sensitivity of the device was maintained over a range of temperatures.
Finally, we investigated the prototype device at various breathing frequencies (Fig. 4) . A volunteer breathed onto the device immediately after various physical exercises (jumping and walking), and the measured electrical response was classified into four different frequencies: very slow (0.25 Hz), slow (0.5 Hz), normal (1 Hz), and fast (տ2 Hz). At all frequencies, the prototype detected clear and distinct current peaks during human breathing.
In conclusion, we proposed and investigated a simple and direct human respiration rate-sensing method. The method exploits the natural phenomenon of water condensation, which is greatly affected by RH. We verified that the current between separated metal electrodes on an oxidized surface was increased up to 20 times by exhaled breath. The device also operated well under a variety of RHs and temperatures. Moreover, our device responded to breath within a few milliseconds so it could be used over a practical range of human breathing frequencies (0.25 Hz to տ2 Hz). We anticipate that the proposed respiration rate-sensing approach will provide many advantages including a precise and simple sensing method, and a small and cost-efficient device, which could be favorably and ubiquitously applied to healthcare systems in the near future. Fig. 3(a) , (c) sensing performance at various humidities, and (d) sensing performance at various temperatures.
